Mechanically flexible arrays of alkaline electrochemical cells fabricated using stencil printing onto fibrous substrates are shown to provide the necessary performance characteristics for driving ink-jet printed circuits. Due to the dimensions and material set currently required for reliable low-temperature print processing of electronic devices, a battery potential greater than that sourced by single cells is typically needed. The developed battery is a series interconnected array of 10 low resistance Zn-MnO 2 The combination of solution-processed electronic materials with high-throughput printing techniques has enabled the fabrication of functional systems that are customizable, largearea, low-cost, and mechanically flexible. [1] [2] [3] [4] Print fabrication of electronics is particularly interesting for fabricating largearea devices such as radio frequency identification (RFID) tags, 5, 6 light-emitting diodes (LEDs), 7 health monitoring tags, 5 memories, 8 flexible displays, 9 and photovoltaics, 10 which do not require high density patterning. Electronic inks printed on soft polymeric substrates are mechanically compliant and can easily conform to curved surfaces. 4 Commercialization and wide-scale deployment of active printed sensors and tags for sensing and health-monitoring purposes require power sources with similar characteristics. Significant research in materials and processes has led to great improvements in the performance of printed electronics, but power sources for these systems have not been equivalently developed. Here, we demonstrate a printed, flexible battery having the necessary power and energy requirements for powering printed electronic systems.
Recently, there have been numerous approaches to fabricating micro power sources. These include thin-film, flexible and stretchable batteries and capacitors fabricated using a variety of methods. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Electrode inks can be deposited over large areas using dip 24 and blade coating, 17 or over smaller areas by techniques such as dispenser, 20, 23, 26 stencil, 27 and screen printing. Limiting the electrode thickness to 20-60 lm leads to acceptable power capability and mechanical-stress tolerance during flexing. 17 These approaches have been applied to Zn-MnO 2 batteries with nanoparticle additives, 21 lithium ion batteries with printed carbon nanotubes as current collectors, 17, 19 25 a flexible battery with a reinforced architecture, 24 and micro batteries. 14, 23, 28 Such approaches have also led to stretchable batteries 16, 22, 29 and capacitors. 12, 18 These use stretchable conductive fabric 22 and carbon oil as current collectors, 16 serpentine interconnects between rigid electrodes 29 and cotton embedded with carbon nanotubes. 18 Our group has previously demonstrated flexible batteries with a mesh architecture 27 as well as stretchable batteries 22 with stretchable silver fabric used as the current collectors.
Printed thin-film batteries are obviously compelling as power sources for printed electronics because they can be manufactured on the same printing line. A challenge in this integration has been the typically low cell potential of a battery (maximum of 4.2 V), which alone does not meet the typically higher potential requirements of printed thin-film transistors (TFTs) (10 to 30 V). Here, we demonstrate a printed series-connected array of alkaline cells with sufficient energy and power to drive a printed circuit, using a design that can be realized in a standard double-sided printing process. It can also be implemented in a single sided printing process if folds are allowed.
Printed TFTs based on organic semiconductors are the basic building blocks of printed electronic circuits. While considerable research has been focused on reducing the operating voltage of organic transistors, 30, 31 reliable devices fabricated completely using solution-based printing processes still typically require relatively high potential to operate (10-30 V) . 32, 33 Recent development of printed electrolytegated field-effect transistors, which retain high capacitance even with a thick dielectric layer, have been shown to operate below 2 V. 34 However, more conventional printed devices require high driving potential due to several factors, including the low mobility of printed semiconductors, the relatively large channel lengths (10s of microns) required to avoid drain-source shorting, and the relatively thick dielectric layers (100s of nanometers of a low-k material) needed to minimize gate leakage currents. In contrast, the potential of electrochemical cells ranges from 1.2 to 3.6 V, depending on the chemistry. One means of increasing the potential to a sufficient level is to connect multiple cells in series. This can be accomplished either by stacking the cells or by placing them side-by-side. Stacking the batteries can maintain a small footprint at the cost of increasing the thickness of the battery pack, while placing them side-by-side preserves the thin form factor but increases the footprint of the battery. Batteries with lithium ion chemistry are attractive for printed circuits because their relatively high cell potentials (2.5-3.6 V) reduce the number of cells required to be connected in series. They also have high intrinsic energy density. However, the raw materials these cells pose a safety risk, especially for wearable devices. Furthermore, lithium cells require packaging to prevent atmospheric interaction, reducing both conformability and energy density. Although they have lower cell potentials (1.2-1.85 V), batteries based on alkaline chemistry use inexpensive, environmentally friendly raw materials without the hermetic requirements of Li-ion. The batteries can be printed in large quantities using commercially available printing techniques and can be integrated with printed devices.
For a printed battery, the various active materials are printed from solution-based inks. The anode and cathode inks are mixtures of electrochemically active particles and conductive additives, combined with a binder and solvent. They are deposited on a substrate using a suitable printing technique, such as stencil printing, screen printing, dip coating, dispenser printing, spray printing, or blade coating. The rheology of the ink can be adjusted to be compatible with the chosen printing method by varying the overall solution concentration. The solid fraction of each ink is chosen such that it yields a standard electrode composition once the solvent is removed during the baking step. A polymeric or cellulosebased battery separator soaked with electrolyte electronically separates the anode and cathode and provides an ionically conductive path between them. A conductive ink may be used as current collectors for the anode and cathode. Poor adhesion between the current collector and each electrode leads to high ohmic losses. From experiment, carbon, nickel, and silver inks all have good adhesion to the anode and cathode, showing no delamination with a tape test. However, the low conductivity of nickel (50 X/sq) and carbon (20 X/sq) inks leads to large losses as evidenced by potential drops of 0.1-0.3 V on an MnO 2 electrode during discharge. Current collectors formed from silver-based inks have high conductivity and no measurable ohmic potential drop. Thin (<20 lm) metallic foils can also be used as current collectors, but are typically expensive and difficult to pattern.
In this study, we fabricate a high-potential Zn-MnO 2 printed battery comprised of ten cells connected in series. The cells are printed on a commercially available polyvinyl alcohol/cellulose (PAC) wet-laid membrane (100 lm), 15 which serves as both the separator as well as the substrate for the zinc and MnO 2 electrodes. The membrane is stable in high pH (>14) KOH solution, which serves as the electrolyte for the battery. The anodes and cathodes of ten cells are printed on a single sheet of PAC membrane with a hydrophobic amorphous fluoropolymer solution (Teflon AF), printed between the electrodes to prevent electrolyte migration and ionic conduction between the neighboring electrodes. The zinc and MnO 2 electrodes are connected pairwise, as shown in Fig. 1(a) . Once all the components in the battery are printed, the membrane is then cut [along the dashed line in Fig. 1(a) ] into two sheets (sheet A and sheet B). An electrolyte solution (5.6M KOH and 0.37M ZnO) is drop-cast separately onto the electrodes of sheets A and B, which are then overlaid to form the battery [ Fig. 1(b) ]. Figure 1(b) shows the cross sectional schematic of the battery. MnO 2 from sheet A is in ionic contact with zinc from sheet B and viseversa. The Teflon AF forms an ionic barrier between neighboring cells and prevents ionic conduction between electrodes on same sheet.
The MnO 2 and zinc electrodes were printed using a stencil-printing technique, with a 75 lm thick laser-cut polyethylene terephthalate (PET) sheet as a mask. The MnO 2 ink is a mixture (by weight) of 45.3% MnO 2 particles (Tronox), 10.6% graphite (KS6, Timcal), 12.1% KOH (9M), 1.8% styrene-butadiene binder (LICO Technology Corp.), and 30.2% deionized water as a solvent. The graphite in the cathode ink forms a percolative network that improves the conductivity of the electrode. The zinc ink is a mixture (by weight) of 69.3% Zn, 7.3% ZnO nanopowder (Inframat), 10.9% Bi 2 O 3 (Alfa Aesar), 1.6% styrene-butadiene binder, and 10.9% ethylene glycol as the solvent. The mask is placed on the membrane and the zinc and MnO 2 inks were pressed inside the openings with the help of a squeegee. The dimensions of the printed layer depend on the dimensions of the openings in the mask. The final thickness of the zinc and MnO 2 electrodes after heating and removal of solvent is around 60 lm. The solvent fraction in each ink is optimized to prevent migration of the ink through the membrane and to prevent shorting when the two sheets are overlaid. The MnO 2 and zinc inks adhere well to the membrane due to its fibrous nature. The anodes and cathodes have footprints of 1 cm 2 and the distance between the electrodes on each sheet is 1 cm. The sheet resistances of the zinc and MnO 2 electrodes are 3 Â 10 3 X/sq and 2 Â 10 6 X/sq, respectively. After printing the MnO 2 and zinc inks, a hydrophobic amorphous fluoropolymer solution (Teflon AF) is printed between the electrodes using dispenser printing. Two print passes are required to completely block the electrolyte from migrating through the fluoropolymer boundary. The silver current collectors and the connecting lines are printed in two separate steps with a 25 lm laser cut stencil-printing mask. The thickness of the silver electrode after solvent removal is around 15 lm. The resistivity of the silver electrodes is 4.95 Â 10 À5 X cm. Between each printing step, the electrodes are heated for 1 h at 70 C to remove the solvents. Figure 1(c) shows an optical image of the printed battery after printing the anode and cathode inks, the fluoropolymer barrier, and the silver current collectors and interconnects. The thickness of both sheets A and B with the anode/cathode and the silver current collector is 175 lm. The electrolyte is dropped separately onto each of the 10 electrodes on one of the sheets (on the opposite side of the sheet to which the Zn and MnO 2 were printed), and the other sheet is overlaid with its electrodes matching (Zn to MnO 2 ) to form the battery. Finally, we encapsulated the battery with two 75 lm thick heat-sealable flexible polymeric substrates (polyethylene) giving a total battery thickness of 500 lm [sheet A (175 lm) þ sheet B (175 lm) þ packaging (150 lm)]; the electrolyte is absorbed into the membrane and as such does not add any significant thickness to the final battery.
The membrane, electrodes, and current collectors have been examined using scanning electron microscopy (SEM). The PAC wet-laid non-woven membrane, shown in Fig.  2(a) , can be seen to be made of fibers of approximately 10 lm diameter. Figures 2(b) and 2(c) show top views of the cathode (MnO 2 ) and anode (zinc), respectively. Uniform particle distribution is observed for both the anode and cathode. A printed silver current collector is shown in Fig. 2(d) . The silver ink is composed of flattened particles approximately 5 to 20 lm wide and 1 lm thick. Images of cross-sections of the MnO 2 [ Fig. 2(e) ] and zinc [ Fig. 2(f) ] electrodes show good interfacial contact between the membrane, electrodes, and current collectors. There is no delamination of the electrodes under a tape test, indicating suitable adhesive strength between the current collectors and the electrodes.
Nickel tabs are attached at the end of the battery to connect the battery to the measurement instrumentation. The measured initial open circuit potential (OCP) of the battery pack is 14 V, while the OCP of each individual cell in the battery pack is approximately 1.4 V. This cell OCP is reduced from the theoretical maximum by self-discharge of the MnO 2 electrode during the solution-based processing as well as the multiple baking steps during fabrication. The potential of the zinc electrode is not affected by the fabrication procedure. Electrically charging the battery after fabrication can increase the cathode potential (and battery OCP). The battery is characterized by constant load discharge, electrochemical impedance spectroscopy (EIS), and linear scan tests. Figure 3(a) shows the battery potential during discharge through a 100 kX resistor. With this load, the potential of the battery drops to 10 V after 7.5 h, corresponding to a capacity of 0.8 mA h, assuming a 10 V minimum potential. .)
The discharge profile is consistent with the Zn-MnO 2 battery chemistry. 27 The slope in the discharge curve is the result of homogenous insertion of hydrogen inside the MnO 2 crystal and conversion of Mn 4þ to Mn 3þ , which leads to a decrease in the potential of the MnO 2 electrodes. The zinc electrodes are at a constant potential during discharge, as they form segregated Zn and ZnO phases. 35 From the EIS experiments, the ohmic resistance and charge transfer resistance of individual cells are determined to be 1.2 and 0.8 X, respectively. This level of impedance for the individual cells is low enough to not cause significant impedance losses when the 10 cells are connected in series and discharged in the high potential battery pack. Figure 3(c) shows the output of a linear scan voltammetry measurement from OCP to 8 V at a 50 mV/s scan rate. A current of 3.5 mA is observed at 10 V, meeting typical current requirements for operating a circuit based on printed organic transistors.
To demonstrate integration of the printed battery with a printed circuit, the 14 V battery is used to power a printed complementary 5-stage ring oscillator. A ring oscillator has an odd number of inverters ("NOT" gates) with the output of each inverter connected to the input of the next inverter and the output of last (in this case, fifth) inverter connected to the input of the first inverter. In this case, the output of the final inverter is connected to an additional inverter that acts as a buffer. The circuit will oscillate between the low and high states if the inverter stage has gain > 1 and the total phase shift in the loop is a multiple of 2p, with the frequency of the output signal dependent on the supply voltage and the delay through each inverter. Figure 4(a) shows a schematic of a cross-section of the ink-jet-printed complementary inverter used for this study, fabricated as previously described. 32 The thin-film transistors comprising the inverter have a top-gate structure. Silver source and drain contacts, followed by nand p-type organic semiconductors, are ink-jet printed on a polyethylene naphthalate (PEN) substrate. A fluoropolymer dielectric is spin-coated to form the gate insulator, and via interconnects are opened using laser ablation. Finally, the silver gate layer is ink-jet printed to complete the device. Figure 4 (b) shows a transistor-level schematic of the 5-stage ring oscillator and output buffer and an optical microscope image of the printed circuit is shown in Fig. 4(c) . The individual TFTs in the circuit have widths of 2 mm for the p-type semiconductor and 3 mm for the n-type semiconductor, channel lengths of 35 lm, gate capacitances of 4 nF/cm 2 , and mobilities of 0.03-0.1 cm 2 /Vs. The printed circuit draws approximately 5 lA when V dd is 14 V. Figure 4(d) shows the output of the ring oscillator output buffer with the high-potential battery connected to the V dd node of the circuit. The output is an oscillating wave with an amplitude of approximately 13 V and period of approximately 10 ms. Because of the low load current, the battery output potential does not drop measurably below the OCP of 14 V when connected to the ring oscillator. Furthermore, the potential of the battery is unchanged after powering the ring oscillator circuit for 20 min, indicating that the battery has sufficient potential and capacity to drive this printed circuit for and extended duration.
This work demonstrates driving a printed circuit directly with a printed battery. A 14 V Zn-MnO 2 battery, consisting of ten stencil-printed cells connected in series, powers an ink-jetprinted complementary 5-stage ring oscillator. Individual cells are sealed in the battery pack without significantly increasing the footprint by using a hydrophobic fluoropolymer solution to segregate individual cells. Due to the stability and low cost of raw materials, Zn-MnO 2 based batteries are ideal for printed electronics applications. Furthermore, the capacity and power capability of these batteries are shown to be sufficient for powering printed organic circuits. The battery inks are compatible with other printing techniques such as gravure, screen, and offset printing, which can enable high-volume manufacturing of fully integrated printed systems. 
